Abstract-Animal models of spasticity and pain have allowed for the elucidation of possible mechanisms and the evaluation of potential therapeutic interventions for these serious clinical problems. Each model mirrors the clinical appearance of many features of the syndrome, but few reproduce the myriad patient reports of either intensity or relevant contributing factors, especially in models of chronic neuropathic pain. Often these models have been used to predict the potency and efficacy of pharmacologic agents that work in human pain states. Pain models have relied on measurements of the shifts in behavioral hypersensitivity to tactile and thermal stimuli, tests that are not used quantitatively in human patients. Even with the multiple peripheral and central models of spasticity and pain used in animals, only a few actually test human conditions: namely, diabetic neuropathy, chemotherapy, and immunotherapy for tumors. However, all these models have allowed for the comparison of certain behavioral, cellular, biochemical, and molecular mechanisms with human patient populations. Here we review the few extant models of spasticity, nerve injury, and central injury models of pain, and describe their features and use.
INTRODUCTION
Despite improvements [1] [2] [3] in surgical management, physical therapy, and the availability of pharmacological agents with a variety of delivery systems, many patients [4] [5] [6] , following peripheral and central neural injuries, continue to suffer from intractable chronic pain and spasticity [7, 8] . Although opioids are the most commonly used agent for the control of pain, only about 32 percent of patients receive any significant relief with long-term use [9] ; moreover, long-term use often leads to untoward effects associated with tolerance, tolerability, drug diversion, and other side effects [10] , including opioid-induced neurotoxicity. Nonopioid medications can attenuate some types of neuropathic pain, but seldom remove the painful sensation completely [11] . The recent attempts at classification of neuropathic, nociceptive, and other pain, aided by an International Association for the Study of Pain (IASP) taskforce [12, 13] , have been of help to understand mechanisms and to improve and devise better treatments for chronic pain. Similar descriptions of the etiology and management of spasticity [14] [15] [16] have allowed for reasonable predictions of possible mechanisms and research directions [17] for basic and clinical studies. But without adequate or successful clinical trials to advance treatment options for these problems, especially for chronic neuropathic pain [11] , the development and use of animal models, and the need to translate interventions to clinical trials, is driving new interest in more sophisticated techniques for these problems [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Some of these new interventions include ex vivo and in vivo genetic and viral enhancement of the damaged peripheral nervous system (PNS) and central nervous system (CNS), as well as techniques for gene knockout in mouse lines [28, 29] .
ANIMAL MODELS FOR SPASTICITY
Following spinal cord injury (SCI), spasticity is a common problem in both the nonveteran [30] and veteran [31] populations, but robust spasticity has been difficult to reproduce in animal models, such as the SCI cat [32] [33] [34] or rat [35] [36] [37] . Without complete spinal transections, animals recover most motor function, a situation not seen in humans, where even partial spinal lesions often lead to chronic spasticity [38] . However, complete transection results in an animal that requires at least daily bowel and bladder expression, and often results in myriad postsurgical complications and morbidity, such as autonomic dysreflexia, cystitis, skin and gastric lesions, and autotomy [39] [40] [41] [42] . Studies with the rat as the model animal have usually involved hemisections, partial transections [36] , or contusion injuries [37] , all injuries similar to those used in studies of spasticity in the cat [32] [33] [34] 43] .
Only complete spinal transection in animal models would duplicate completely and permanently what is seen in humans after SCI, but bowel and bladder dysfunction, as well as gait abnormalities, are difficult to manage longterm. The earliest use of complete transection of the spinal cord as a model of spasticity that resulted in intact bowel and bladder function and hindlimb gait and reflexes has been used in the sacrocaudal transection in the cat [44] . After Ca1 spinal transection, tail muscle function is diminished, and the tail becomes ventroflexed in a midline position and exhibits spasticity (i.e., hypertonia, hyperreflexia, and clonus) that remained permanent for at least three years in most animals. Also following transection is exaggerated flexion reflex to cutaneous stimulation of the tail. Although it offers many advantages for the health and well-being of a large animal and the potential to develop a quantitative measurement to test reparative strategies, this cat model does not allow any investigation of spinal control of limb movements, an important correlate of paralysis in humans. However, this model is a significant improvement over spasticity hemisection studies from the same laboratory [43] , in which electrophysiologic measurements were significantly linked with behavioral observations of spasticity.
More recently, a similar sacral transection for the development of spasticity was developed in a rat model [45] . Again, this S2 spinal transection affected only the tail musculature, and otherwise was minimally disruptive to normal functions, not interfering with bowel, bladder, or hindlimb locomotor function. After spinal transection, initially the tail musculature was paralyzed for two weeks, followed by increasing hypertonia, hyperreflexia, and clonus that developed over weeks and remains permanent in tail function (easily assessed in the awake rat). Muscle stretch or cutaneous stimulation of the tail produced muscle spasms and marked increases in muscle tone, measured with force or electromyographic (EMG) recordings. Spontaneous or reflex-induced flexor and extensor spasms are readily seen in the unconstrained tail. The tail and surrounding area, including the skin and hair, develop thermal hyperalgesia and tactile allodynia, suggesting a variety of sensory disturbances, features that often accompany spasticity in at-or below-level spinal injury in humans [13] , including the development of chronic pain. Such behaviors are only now being quantified in this model.
Such a preparation has also been used to examine the nature of the change in intrinsic excitability in motoneurons with sustained tail motor unit firing in unanesthetized, chronically spastic rats, examined in vitro [46] and in vivo [47] . In the absence of descending monoaminergic brainstem facilitation and inhibition in this complete transection, these sacrocaudal motoneurons develop prolonged, often spontaneous, responses that contribute to exaggerated long-lasting reflexes and spastic behaviors, without the normal inhibitory control to turn off sustained firing. Such studies, with an easily handled, surviving animal that develops permanent spasticity, will provide considerable insight on the nature of the differences in inhibitory, as well as excitatory, control of motoneurons in intact versus spinal states.
ANIMAL MODELS FOR PAIN
Treatment of sensory neuropathies that result in chronic pain, whether inherited [48] or caused by trauma [49] or the progress of diabetic [50] or other disease states [51, 52] , is one of the most difficult problems in modern clinical practice. Its prevalence has been conservatively estimated at 0.6 percent of the U.S. population [53] . To the extent that low-back pain is sometimes neuropathic, the actual figure might be far higher. Neuropathic pain might realistically affect 1.5 percent of the total population nationwide, and current treatments often prove ineffective, or at least must be administered at impractical dose levels, such as those seen with morphine or its analogues [54] . Neuropathic pain, the most common chronic pain with SCI, results from the abnormal processing of sensory input due to damage to the nervous system. Of the greater than 250,000 SCIs in the United States, at least 22 percent of these are veterans. Review of clinical data suggests that greater than 65 percent of SCI persons develop intractable pain, adding a significant patient care burden to VA and other medical centers.
The neuropathic syndrome has a multitude of possible causes [55] , making both diagnosis and eventual treatment difficult with such a heterogeneous patient population. Clinical classification schemes [51] that group the asymmetrical and symmetrical types, such as diabetic or post-traumatic and metabolic or immunemediated types, depend on presumed etiology for classification. However, it has been difficult to (1) identify a common cause of pain among the different conditions and (2) explain why symptoms within an etiologically defined population of patients can be extremely diverse. Therefore, another classification can be made to identify distinct symptoms and tailor treatments based on the assumption that each sensory abnormality is related to pathophysiological changes in the PNS or CNS [56] .
Current and developing treatment strategies for neuropathic pain are based on principles elucidated in recent research, especially concerning "central spinal sensitization" after nerve injury, and the spinal mechanisms that are thought to be the origin and ongoing cause of persistent pain [57] , even when the injury is peripheral in location [58] . For example, persistent, small afferent input, as generated by tissue or nerve damage, results in a hyperalgesia at the site of injury and a tactile allodynia in areas adjacent to the site. Hyperalgesia is the result of sensitization of the peripheral terminal and a central, or spinal, facilitation evoked by persistent, small afferent input. The allodynia reflects a central sensitization, with excitatory neurotransmitter (e.g., glutamate and substance P) release initiating a cascade of downstream events, such as release of nitric oxide (NO) and various cyclooxygenase (COX) products, and activation of several key kinase enzymes. Specific receptors mediate the initial events, namely through the N-methyl-D-aspartate (NMDA) and non-NMDA glutamate receptors and neurokinin 1 substance P (SP) receptors. Specific activation of these receptors enhances prostaglandin E2 release, which in turn facilitates further release of spinal amino acids and peptides. Activation of specific receptors (µ/δ opioid, α 2 adrenergic, neuropeptide Y) on spinal C fiber terminals prevents the release of primary afferent peptides and spinal amino acids and blocks acute and facilitated pain states. On the other hand, glutamate receptor antagonists and COX-2 and NO-synthase inhibitors only act to diminish hyperalgesia. Spinal delivery of some of these agents diminishes pain in injured humans [59, 60] , suggesting that such preclinical mechanisms may reflect the induction of some types of neuropathic pain [61] .
Animal models have been used extensively in basic pain research based on the premise that these models can serve as surrogate assays that can reliably predict the potency and efficacy of the pharmacologic action of, and, in some cases, the molecular response to, agents that work in human pain states [62] . But in contrast to the polymorphic nature of pain that is described as a sensation in humans, pain in animals can best be estimated only by examining their reactions to various chemical, thermal, and mechanical stimuli, with the latency or nature of response altered in the "pain" state. In an early review, Beecher cited 60 original publications in 1957 [63] that related to the description, development, and application of experimental tests of pain in animals. By 1999 [64] , more than 425 reports were published. If the tests are divided into acute, tissue injury, nerve injury, and central injury models, the reports published up to 1999 represent only the acute and tissue injury models; of these, the tail-flick and hot-plate tests remain the most commonly used. There has been a progressive increase in publications since 1970 on the use of the formalin model and the various tests that involve withdrawal of the paws from mechanical stimuli, or tactile allodynia [64] . This certainly reflects the heightened interest in understanding the mechanisms of pain and the need to have reliable methods to test interventions preclinically in rat models.
One easy way to describe and delineate the great variety of animal models for pain would be to separate them by differences in the stimulus required, the time course of development of the injury or response, and identification of the afferent nociceptive fibers or spinal or supra spinal systems involved (if known) [62, 64, 65] .
Short-Duration Stimuli Tests (Acute Phasic Pain)
Acute tests, such as hot-plate, tail-flick, and pawpressure tests, require a high-intensity stimulus (such as thermal, mechanical, or chemical) and do not test a preinjured animal. The response measured (1) is immediate (or within seconds), (2) uses the Aδ-and C-fiber input, and (3) is known to activate the spinal dorsal horn, the cells of which are nociceptive-specific and/or wide dynamic range (WDR) neurons. In addition, the response is proportional to the frequency of stimulus and the fiber class of afferent input.
Some of these acute tests are based on the use of thermal stimuli, such as the tail-flick test, which uses a radiant heat source and an automated timer to determine the withdrawal time of the tail [66] . A variation of this test increases the area of stimulation and, rather than aiming a hot stimulus at the base of the tail, requires a complete immersion of the animal's tail in hot water [67] . Such thermal tail-flick tests are most widely and reliably used for revealing the potency of opioid analgesics, useful for predicting analgesic effects in humans [68] . Another acute pain test that uses a thermal stimulus is the hot-plate test, in which a rat or mouse is placed in an open-ended cylindrical space with a floor capable of being precisely heated [69] . The plate floor, heated to a constant temperature, produces two responses, measured in terms of their reaction times: paw licking and jumping/ lifting. Both are considered supraspinally integrated responses. Such "chaotic defensive movements" are complex in the rat (compared with the mouse), making observation and identification difficult. Thus, this can be a very inconsistent test to use.
The paw-pressure, or mechanical hyperalgesia, test uses a pressure of increasing intensity applied to a punctiform area on the hindpaw or, far less commonly, on the tail. In practice, the paw or tail is placed between a plane surface and a blunt, plastic-coated point mounted on top of a system of cogwheels, with a cursor that can be displaced along the length of a graduated beam [70] for an automated readout. The application of increasing pressure is interrupted when the animal removes its tail, an action that is read out as force in grams for the threshold of response. However, the intensity is difficult to measure reproducibly, and is more often used when the paw is injured beforehand, by inflammation or nerve injury; then the threshold is compared to the noninjured paw [71] .
Long-Duration Stimuli Tests (Tonic Pain)
These tests use an irritant, foreign chemical agent as the nociceptive stimulus. They differ from most other pain tests in that (1) they do not measure a threshold response; (2) they quantitatively measure the resulting behavior after the stimulus, which varies in potency with time; and (3) they are not models of chronic pain, since the duration of the behaviors is short, usually minutes or tens of minutes. Hence, long-duration stimuli tests are considered models of tonic pain. They are usually based on intradermal or intraperitoneal injections of the agent.
Closely related are the weeks-long, chronic inflammatory pain models that use the intracapsular administration of urate crystals, Freund's adjuvant, capsaicin, or carrageenin [72] [73] [74] . Such long-term tonic pain in rats has been used to model human arthritis and to examine the safety and efficacy of various nonsteroid anti-inflammatory drugs (NSAIDs) [75] , including the COX-1 and COX-2 inhibitors commonly used by patients for inflammatory pain [76] .
Intradermal Injections
Formalin, a 37 percent solution of formaldehyde, is the most commonly used agent for intradermal paw injection (the formalin test) [77] . Other agents less commonly used are hypertonic saline [78] , Freund's adjuvant [79] , ethylene diamine tetra-acetic acid [80] , capsaicin [81] , or bee sting [82] .
A 0.5 to 15 percent solution of formalin (usually about 3.5%) injected into the dorsal or plantar surface of the rat fore-or hindpaw produces a biphasic painful response of increasing and decreasing intensity for about 60 min after the injection. Typical responses include the paw being lifted, licked, nibbled, or shaken [82] ; these responses are considered nociceptive, since formalin predominantly evokes activity in C fibers, and not in Aδ afferents [77] . The initial phase of the response, which lasts 3 to 5 min, is probably due to direct chemical stimulation of nociceptors [83] ; this is followed by 10 to 15 min during which animals display little behavior suggestive of nociception. The second phase of this response starts about 15 to 20 min after the formalin injection and lasts 20 to 40 min, initially rising with both number and frequency of nociceptive behaviors, reaching a peak, then falling off. The intensities of these nociceptive behaviors are dependent on the concentration of formalin used, and the second phase involves a period of sensitization during which inflammatory phenomena occur. These inflammatory phenomena are possibly a result of central processes triggered by the neuronal activation during the first phase, since glutamate NMDA receptor antagonists significantly and dose-dependently reduce nociceptive activity during the second phase of the formalin test when they are given before the formalin [84] .
A few approaches have been used to compute a composite pain score that is weighted according to the time spent in each behavioral category-for example, per 5 min interval over 60 min after injection [85] . This method and its modifications are all based on the concept that the different behaviors express degrees of a single nociceptive experience, and can be expressed as a single number, or pain score. In rats, other behaviors, such as flinching or jerking of the injected paws, have also been quantified; but scoring these common behavioral responses becomes more difficult in mice, due to rapid movements in these animals. Again, scoring of the time spent licking, or licking and biting, the injected paw is the most common method of behavioral assessment in mice [86] .
Opioid analgesics provide analgesia for both phases of the behavioral response (but the second, delayed phase is more sensitive), while agents such as NSAIDs only suppress the second phase [87] . Thus, the formalin test is best used to examine opioid mimetics.
Intraperitoneal Injections of Irritants ("Writhing Test")
Intraperitoneal injection of agents (originally phenylbenzoquinone) that are irritating to serous membranes provokes a sterotypical behavior in rodents that is characterized by abdominal contractions, whole body movements, contortions of the abdominal muscles, and reduced motor activity and incoordination. In this test, commonly called the "writhing test," the behaviors are considered reflexive, and are evidence of peritoneovisceral or visceral pain associated with visceral chemoreceptors [88] . Unfortunately, the frequency of cramps decreases spontaneously with time to such an extent, and with such variability, that is difficult to evaluate the effect of an analgesic on the behaviors of any single animal [89] . Even with multiple modifications in the nature of the chemical irritant used, the concentration, temperature, and volume of the injectant, and other modifications to simplify the test and measurements of behaviors, the test lacks specificity, because these tests work so well for all major and minor analgesics [89] , as well as nonanalgesic substances such as muscle relaxants. Even with poor specificity of action, the writhing test can predict effective analgesic doses for agents that can be used in humans [90] .
Peripheral Nerve Injury Tests
A variety of pain models have been developed that use an injury to a peripheral nerve, such as the sciatic nerve, to produce temporary or permanent behavioral hypersensitivity, such as tactile allodynia or thermal hyperalgesia. This hypersensitivity develops over several days after the injury and can lead to chronic pain [91] . Injuries include partial constriction [92] [93] [94] [95] or complete transection [96] of the nerve, freezing [97] , and metabolic (streptozotocin (STZ)-induced diabetes [98] ), chemical (vinca alkaloid [99] ) or immune (anti-ganglioside (GD2) antibody [100] ) insults. Allodynia is the abnormal response, and change in threshold, to nonnoxious stimuli, such as tactile stimulation with von Frey hairs. Hyperalgesia is a decrease in the latency of response to normally noxious stimuli, such as radiant heat delivered with an automated Hargreaves device [101] . When the injury is to the sciatic nerve, the animal's hindpaw is used for these behavioral tests. Often contralateral paws are tested as the control for unilateral injury, but the inherent assumption for this approach is that spinal or supraspinal mechanisms are not globally affected by a unilateral injury, which is often not based experimentally.
Partial nerve injuries, such as unilateral loose ligation or chronic constriction injury (CCI) of the sciatic nerve, result in the animal persistently holding the ipsilateral hindpaw in a guarded position. Depending on the tightness of ligation, the allodynia and hyperalgesia can resolve in about 8 weeks [92] , or it may persist for many months. Bennett originally reported [92] that this model likely involved the presence of spontaneous pain, since appetite was suppressed and spontaneous nocifensive behaviors frequently occurred, but such nonevoked behaviors are neither common nor easily measured. This model has been used for a great number (>300) and variety of studies since its first description, to examine both the development of spinal and supraspinal sensitization following CCI [102] [103] [104] [105] and its genetic basis [106] [107] [108] [109] , as well as to examine a number of potential therapeutic interventions [19, 110, 111] for the partial nerve-injury-related pain.
Similar to the CCI model are the Seltzer [94] and Chung [93] models of tight ligation of parts of the sciatic nerve closer to the dorsal root or the L5 root alone, respectively. Each model produces reproducible tactile allodynia and thermal hyperalgesia, usually with early onset of symptoms and long-lasting behavioral hypersensitivity to tactile stimulation (>10 weeks). In addition, unilateral tight ligation of about half of the sciatic nerve in rats (Seltzer model) rapidly produces sympathetically dependent neuropathic pain that lasts many months and resembles causalgia in humans. When sympathectomy is performed, by removing the sympathetic chain bilaterally from the L2 to L6 levels after nerve injury in the Chung model [112] , it relieved both tactile allodynia and thermal hyperalgesia, suggesting that these sciatic ligation models of nerve injury are sympathetically maintained.
Complete transection of a peripheral nerve, such as the sciatic, invariably leads to tactile allodynia and thermal hyperalgesia, as well as autotomy, excessive selfgrooming that leads to bite wounds and self-amputation of digits [96] . Even with some controversy, which questions whether autotomy behavior is a sign of pain, excessive grooming and autotomy following a nerve lesion are now considered to reflect neuropathic pain following a nerve lesion [113] . Both autotomy and vocalization behaviors are considered signs of severe pain following nerve deafferentation and have been used commonly in the earliest studies of these injuries [92, 96, [114] [115] [116] . More recently, vocalization response to noxious stimulation and various nerve injuries has been used to index the response of the animal to analgesics, such as morphine [117, 118] and other agents [104, 119, 120] .
Sciatic cryoneurolysis [97] results in behavioral outcomes unique to this injury: namely, long-lasting expression (>10 weeks) of tactile allodynia, the complete absence of thermal hyperalgesia, increased frequency of severe autotomy, and pale eye syndrome or loss of retinal color, associated with heightened sympathetic efferent activity [121] . The development of thermal hyperalgesia requires partial freeze lesions, with some surviving nerve fibers [122] ; tactile allodynia behaviors are not sympathetically mediated [123] ; and, autotomy severity is greater in male animals [124] .
Three recent nerve injury models reproduce the development of certain types of neuropathic pain in humans: diabetic neuropathy (STZ-induced diabetes [98] ), chemotherapy-induced neuropathy (vinca alkaloid [99] ), and oncology-related immunotherapy (anti-GD2 antibody [100] ). STZ can induce diabetes mellitus in experimental animals through its toxic effects on pancreatic beta cells, where a single dose (50 mg/kg, i.p.) leads to the development of allodynia within 10 days [125] . Mechanical hyperalgesia (paw pressure) is the most commonly reported outcome to STZ injections, and this model for painful diabetic neuropathy has been used to examine the effectiveness of analgesics such as morphine [98] , as well as to elucidate the cellular mechanisms involved [102] .
Another clinically relevant peripheral nerve model of pain follows the injection of the chemotherapeutic agent vincristine [99] . A daily dose of 100 Φg/kg given for two weeks results in potent tactile allodynia and thermal hyperalgesia that begins after the second day. Morphine is ineffective for controlling this type of pain. The recovery from symptoms is often incomplete, and a long period of regeneration is required to restore function. No medication is available to reliably prevent or cure chemotherapy-induced neuropathy [126] . The management of pediatric neuroblastoma has used systemic infusion of a human/mouse chimeric anti-GD2 antibody, which unfortunately causes severe pain, often controlled with high doses of morphine. Monoclonal antibody treatment is represented in a similar animal model [100] , where GD2 antibody infusion leads to quantifiable allodynia, with no thermal hyperalgesia. It is likely that the antibody reacts with an antigen on a peripheral nerve and/or myelin to initiate its effect [127] . Both lidocaine and gabapentin, tested in this model, may also be useful to treat this type of pain [128, 129] .
Central Pain Models
The clinical presentation of chronic pain, particularly after SCI, is common but underreported, especially among SCI persons; and chronic central neuropathic pain has proven difficult to treat. Neuropathic pain is the most common type of chronic pain with SCI [130, 131] , with 30 to 70 percent of patients developing at least moderate central pain. Such pain results from the abnormal processing of sensory input due to damage to the CNS. Nociceptive pain associated with SCI is (1) either musculoskeletal or visceral and located in those associated structures; (2) usually described as dull, aching, movement-related, and eased by rest; and (3) often relieved by opioids or NSAIDS [14] . A specific stimulus or cause of neuropathic pain is often difficult to identify, and this type of pain is notoriously unresponsive to conventional methods of pain treatment. SCI pain (also called central, dysesthetic, or diffuse pain) is neuropathic pain at or below the level of injury and is often diffuse and poorly localized. At-level neuropathic pain is referred to dermatomes near the spinal injury site and is usually present from the time of injury or soon thereafter. Below-level pain gradually develops after SCI and is referred to dermatomes below the level of injury. In animal models of central pain that depend on evoked nociception after SCI, allodynia and hyperalgesia are dependent on direct observation and measurement of nocifensive behaviors, such as withdrawal of a stimulated limb or tail. However, in humans, especially those with below-level pain after complete spinal transection, there can be a dissociation between reported chronic pain and elicited nociception [132] , so animal models that use limb withdrawal to tactile or thermal stimuli must be interpreted with caution [133] .
At-Level Models of Central Pain
As reported in humans after SCI, abnormal sensations and dysthesias are common features of pain [134] , and in animal models of central pain, overgrooming and/or autotomy reflects the presence of abnormal sensations and is regarded as an indication of dysthesia/ pain [133, 135] .
One of the earliest spinal models of central cord damage that produces neuropathic pain behaviors is the ischemic model. This model uses focal laser lesions of spinal vessels, where there is an acute period of hypersensitivity and tactile allodynia, associated with reduced gamma-aminobutyric acid (GABA) inhibition (a decrease in GABA synthesis in the dorsal horn [136] ), which is insensitive to intrathecal morphine [137] .
More recent and commonly evaluated regeneration models of SCI-namely, weight-drop contusion and complete transection-are relatively difficult to use for the study of behavioral hypersensitivity, such as allodynia and hyperalgesia, given the variability in outcomes. However, contusion injury and central cord lesions have demonstrated lowered thresholds for nocifensive behavior with stimulation of at-level dermatomes and tactile allodynia in skin responses [138, 139] , and in a few cases, use of paw withdrawal responses or vocalization to paw pressure in a moderate contusion [139] [140] [141] . Both contusion and transection have better used biochemical and electrophysiologic methods to assess markers of at-level neuropathic pain [41, [142] [143] [144] [145] . In addition, changes in supraspinally mediated behaviors, such as activity levels and exploratory behaviors, have been linked with moderate contusion spinal injury [146] and are relevant to similar reports of decreased activity with pain after human SCI [147] . In an unusual animal model that combines both moderate contusion and complete spinal transection [41] , electrophysiologic recording of dorsal neurons immediately rostral to the injury demonstrated that the SCI caused abnormal discharge frequency with mechanical stimulation, in addition and related to autotomy and excessive grooming, the onset of which was delayed.
A useful model of neuropathic pain following SCI is the recently described focal chemical lesion of the cord following injection of a glutamate receptor agonist [131, 148, 149] . This model not only allows for quantitative assessment of behavioral hypersensitivity after injury but, with focused spinal microinjections of the excitotoxic agent, also permits an investigation of the cellular mechanisms in the cord that might be associated with the onset of that pain. As well, this excitotoxic SCI pain model has been used to evaluate the effects of cell transplantation of primary adrenal chromaffin tissue to reverse the chronic behavioral allodynia and hyperalgesia [150] that chemical lesioning of the dorsal horn pain processing centers produces. The model makes use of intraspinal injection of the glutamate receptor agonist, quisqualic acid (QUIS), just above the lumbar segments that control sensory function in the hindlimbs, which leads to a predictable and quantifiable temporal profile of pain behaviors, without the complications of a loss in motor systems, paralysis, or loss of bowel and bladder function [148] . Typical with this model is tactile allyodynia and thermal hyperalgesia, with the development of progressive, severe grooming behaviors in the dermatomes associated with the QUIS injection. Most animals require euthanasia within 30 days of the lesion. However, as with this model, the spread of secondary injury over time to spinal segments rostral and caudal to the injury site is critical to the nature and distribution of SCI pain [151] . With the addition of kaolin to QUIS injections, this is also a reproducible model for progressive syringomyelia and pain after SCI [152] , where arachnoiditis is also a feature.
Below-Level Models of Central Pain
Lesions of the anterolateral column in monkeys and rats result in overgrooming and autotomy caudal to the lesion [153, 154] , with deafferentation of rostral targets and interruption of the spinolthalamic tract, important to the development of below-level neuropathic pain in humans [132] . Transection of a single antereolateral quadrant reliably results in contralateral hypoalgesia, but some patients develop contralateral and ipsilateral dysesthesias and pain or allodynia and hyperalgesia [155] . In a similar animal model, with T13 unilateral spinal hemisection, rats develop bilateral tactile allodynia in both fore-and hindlimbs [156] , with evidence of bilateral spinal reorganization [157] following injury. Dorsal column interruption may also contribute to below-level pain that develops after SCI in humans [158] , with allodynia and hyperalgesia seen after stimulation caudal and ipsilateral to dorsolateral column lesions in monkeys [159] .
Additional Studies Using Animal Models of Pain
Complete SCI and tetraplegia can result in central pain, likely a result of supraspinal plasticity [160] following the loss of normal somatosensory ascending input to thalamic pain-processing regions, that develops with deafferentation and SCI [161, 162] . Regional cerebral blood flow (rCBF) in multiple forebrain structures, including thalamic pain processing areas, has been used in the formalin model [163] , the CCI model [164] , and, more recently, the QUIS SCI pain model [165] , to demonstrate significantly altered rCBF associated with the processing of somatosensory information and chronic pain. All these studies suggest significant injury-induced reorganization of thalamic and cortical receptive fields, as is seen in humans with spinal transection [166] and nonhuman primates with spinal cord or peripheral nerve damage [167] . Certainly, deafferentation supersensitivity resulting from the loss of or abnormal spinal inputs to supraspinal sites could lead to the development of abnormal "pain" generators in the spinal cord and supraspinal structures. Further studies are necessary to understand the supraspinal changes that contribute to the establishment and maintenance of chronic pain states.
CONCLUSION
In summary, animal models have contributed much to the understanding of the mechanisms of pain and spasticity in humans, and current clinical treatments are based, in part, on those studies. But the future of effective strategies that go beyond palliative care will also use these models to screen novel, safe, and useful approaches in a preclinical setting. Much resource effort and expense can be conserved by testing novel methodologies in multiple animal models-not relying on a single animal model, strain, or species-before clinical testing begins.
